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ABSTRACT
This paper presents the possible inclusion of pulverized fuel ash (PFA) and ground granulated
blast slag (GGBS) in cement deep soil mixing for enhancement of unconfined compressive
strength (UCS) of weak soil materials for construction purposes. The main focus of this paper
was to investigate the UCS of cement-, cement/PFA- and cement/PFA/GGBS-improved soils, and
development of mathematical and graphical models for prediction of UCS for use in design and
construction. Samples of cement, blends of cement and PFA, and cement/PFA/GGBS were
prepared using 5 %, 10 %, 15 %, and 20 % by weight of dry soil and tested for UCS after 7, 14, 28,
and 56 days. Amultiple regression analysis was conducted using the SPSS computer program. The
results showed that soil materials with lower plasticity show higher strength development
compared to those of higher plasticity for cement improvement. The study has also revealed that
the inclusion of PFA and GGBS can cause a reduction in the amount of cement in deep soil
mixing, which can result to reduced cost and emission of carbon dioxide (CO2) during
construction. The developed mathematical and graphical models could give reliable predictions
of UCS for weak soil materials with initial UCS less than or equal to 25 kPa and for water to binder
ratio of unity based on the observed agreement between experimental and predicted data. The
developed multiple regression models have also been validated using different mixtures of 6 %,
8 %, 12 %, and 16 % of binders.
Keywords
weak soil, deep soil mixing, unconfined compressive strength, strength model, cement-improved soils,
cement/pulverized fuel ash/ground granulated blast slag–improved soil, regression model
Introduction
Soil improvement becomes very necessary when the present state of a soil, in terms of its engineering
properties, fails to meet the proposed use of the site. Deep soil mixing techniques have been designed to
address the problems associated with performance of weak engineering soils due to poor resistance of
Manuscript received June 20,
2016; accepted for publication
March 24, 2017; published online
xxxx xx, xxxx.
1 School of Energy, Construction
and Environment, Coventry




2 School of Energy, Construction
and Environment, Coventry
University, Coventry, CV1 5FB,
United Kingdom
Geotechnical Testing Journal
Copyright © 2017 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959
doi:10.1520/GTJ20160138 available online at www.astm.org
these soils to shear deformation, low bearing capacity, and exces-
sive vertical compression (Shakri et al. 2014). Undoubtedly,
cement-soil mixing technique has been widely employed in the
construction field for strength enhancement and improved com-
pressibility, (Abbey et al. 2015; Farouk and Shahien 2013; Gaafer
et al. 2015; Chen et al. 2016). Unconfined compressive strength
(UCS) is one of the most important parameters in the design of
cut-off walls for prevention of seepage in water-retaining walls.
The UCS of portland cement (PC) stabilized soils are usually high,
making PC the most commonly used binder in soil improvement,
(Holm 2003; Terashi 2003; Consoli et al. 2015; Oana 2016). Chen
et al. (2016) examined the variation in the UCS of marine clay
improved with cement during a wet deep mixing work at the
Marina Bay Financial Centre in Singapore. In their study, the
UCS of the improved clay was found to vary from about
700 kPa to about 5 MPa. The 28-day UCS of samples improved
with cement and prepared using wet mixing method is always
higher than those prepared by dry method (Pakbaz and Farzi
2015). According to Chen et al. (2016), strength distribution
in deep mixing–improved soils is affected by in situ soil properties
and the chemical reactions between soil and cementitious con-
stituent. UCS increases with increase in cement content, espe-
cially for nonplastic soils (Asturias and Lorenzo 2015). Weak
soils respond differently in terms of their UCS when mixed with
cement, GGBS, and PFA, depending on the plasticity of the un-
improved soils (Celik and Nalbantoglu 2013; Abbey et al. 2016).
Lately, problems particularly associated with cost and the envi-
ronment have emerged because the production of every ton of
PC releases approximately one ton of carbon dioxide (CO2)
(Ganjian et al. 2015). CO2 is a key contributor to greenhouse
gas emissions that are contributing highly to global climate
change. The production of cement accounts for approximately
8 % of global CO2 emissions according to Ganjian et al.
(2008). Therefore, the possibility of reducing the amount of ce-
ment and inclusion of pozzolans such as PFA and GGBS would
provide greener deep soil mixing operations. For these reasons,
investigation into possible inclusion of waste (byproduct) mate-
rials and reduction in cement content during deep soil mixing was
investigated. According to Gyanen et al. (2013), better soil gra-
dation, increase in strength, and reduction in plasticity properties
are the most likely achievable results in the use of additives like
GGBS and PFA in soil improvement. Akinmusuru (1991) ob-
served an increase in strength with increasing GGBS content
up to 10 %. According to Gupta and Seehra (1989), partial
replacement of GGBS with fly ash causes an increase in UCS
in comparison to natural soil. Increase in the percentage of
GGBS can lead to considerable reduction in pavement thickness
(Ashish et al. 2014) during improvement of subgrade materials.
Obuzor et al. (2012) found that the application of industrial by-
product material (GGBS) activated by lime can enhance the bear-
ing capacity of clay soils and give durable road structural layers,
especially in areas prone to flooding.
However, these studies have not stated clearly the applicability
of these byproducts in deep soil mixing and their effect on soil type
in terms of plasticity, and consideration of model development for
prediction of UCS of soils improved with cement and waste
material inclusion such as PFA and GGBS. Therefore, this study
focuses on investigating UCS of cement-, cement/PFA-, and
cement/PFA/GGBS deep mixing–improved soils and development
of a numerical and graphical model for prediction of UCS.
Methodology
LABORATORY STUDIES
The UCS of a deep mixing–improved soil is an indication of the
degree of reaction in the soil-binder-water mixture based on the
rate of hardening of the improved mixture. Therefore, the type of
binder used during deep mixing could be of great significance in
determining the extent of improvement. In the ongoing study,
five soil samples with varying plasticity and UCS less than
25 kPa were studied. The Atterberg limit test was conducted based
on procedures outlined in the British Standard BS 1377-2:1990,
Methods of Test for Soils for Civil Engineering Purposes (1990).
The different soil types were improved using cement, a blend
of cement and PFA, and cement/PFA/GGBS. Table 2 shows
chemical compositions of the different binders used. Cement con-
tents of 5 %, 10 %, 15 %, and 20 % by weight of dry soil were used
for the cement-improved soils. The cement/PFA-improved soils
consisted of a 50 % reduction in cement content used in the case
of soil-cement and inclusion of an equal amount of PFA. The ce-
ment content was further reduced to 33.33 % and replaced with
equal amounts of PFA and GGBS to produce cement/PFA/GGBS-
improved soils. In all, the total percentage of binder was kept con-
stant, summing up to 5 %, 10 %, 15 %, and 20 %. The wet deep soil
mixing was conducted on the investigated soils with initial prop-
erties presented in Table 1, and during mixing, the percentage of
water added to each mix was equal to the percentage of binder
being mixed, making the ratio of percentage of water to that
of binder equal to unity (i.e., w:b = 1). The soil samples after
proper mixing were placed into 40-mm diameter by 76-mm
height cylindrical tubes in stages, and in each stage, the cylinder
TABLE 1 Summary of the initial properties of the investigated
soils.
Soil Properties Symbol Soil 1 Soil 2 Soil 3 Soil 4 Soil 5
Moisture content (%) w 86 45 36 61 54
Liquid limit (%) ωl 68.0 41.66 45.16 87 63.12
Plastic limit (%) ωp 30.83 36.67 30.1 42.3 53.20
Plasticity index Ip 37 5 15 45 10
Unit weight (kN/m3) ϒ 25 23 22 24 21
Specific gravity G 2.55 2.35 2.24 2.45 2.14
Unified classification USCS CH ML MI MH MH
Strength (kPa) UCS 12.8 14.4 18.5 16.3 14.8
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was tapped several times against a hard surface in order to ensure
the removal of any air bubble trapped within the samples. To en-
sure that equal degree of compaction at saturation was achieved
for all mixed samples, a dead weight of 10 kg was placed on the
mixed samples in the cylindrical tubes before extraction. Since
UCS is directly related to density, it is affected by degree of com-
paction and water content in the mixture Little and Nair (2009).
The improved samples were then sealed, wrapped with a thick
plastic, and cured under water for 7, 14, 28, and 56 days. The
samples were subjected to a UCS test at the end of each curing
period.
Multiple Regression Analysis
Multiple regression analysis was conducted as a means of devel-
oping mathematical expressions that could predict the perfor-
mance of deep mixing–improved soils in terms of their UCS
using the analysis of variance (ANOVA) approach.
The numerical models have been developed based on results
of UCS tests conducted on five different soil samples improved
using cement, cement/PFA and cement/PFA/GGBS. The pre-
dicted models followed the general equation of multiple regres-
sion analysis as shown in Eq 1.
Yi = β0 þ β1Xi1 þ β2Xi2 þ β3Xi3, i = 1,2,3 : : : ..n (1)
Where Yi is the dependent variable (UCS). The subscript on
Y represents the particular time of interest at which the UCS is
measured. βi is a numerical constant depending on the relation-
ship between UCS and the independent variables (binder content
and curing time). Xi 1,2,3 are independent variables at different
observational units and βo is a constant. In this analysis, it was
assumed that random errors are normally and independently dis-
tributed with zero mean and common variance, and there are no
random errors in the independent variables.
Random error assumptions : ∈i ∼NID ð0,σ2Þ
The null hypothesis of the F-test in ANOVA for multiple re-
gression analysis is that the model has no explanatory power. This
is same as saying that all the coefficients on the independent var-
iables are zero, meaning none of the independent variables helped
in predicting the dependent variable. Also, the null hypothesis for
T-statistics assumes zero coefficients for a given independent
variable. The significance of these tests was tested to ascertain
the reliability of the proposed models.
Results and Discussion
Effect of Cement and PFA/GGBS inclusion on UCS
The effect of cement with and without PFA and GGBS on the
UCS characteristics of the weak soils was investigated. Three
series of UCS tests were conducted to assess the strength develop-
ment of these soils with varying plasticity and initial UCS. The
first series was designed to investigate the effect of the addition
of cement alone on the UCS of the varying plasticity soils on sam-
ples cured for 7, 14, 28, and 56 days. The second and third series
were conducted to study the effect of cement/PFA and cement/
PFA/GGBS addition on the UCS of the investigated soils.
The results showed that irrespective of the initial strength and
varying plasticity of the investigated materials, UCS improved
upon addition of cement, cement/PFA, and cement/PFA/GGBS
as expected, making the improved materials suitable for use as
subgrade materials. The results shown in Fig. 1a–1c revealed that,
as cement content increases from 5 % to 20 %, soils with lower
plasticity indexes exhibit higher strength enhancement compared
to soils with slightly higher plasticity. Similarly, for soils of higher
plasticity improved with the combination of cement/PFA and ce-
ment/PFA/GGBS with cement content less than or equal to 5 %,
the UCS in this case increases more than that of soils with lower
plasticity indexes at the end of each curing period, as shown in
Figs. 1a–1c and 2. It could be seen that as the percentage of cement
in the mix increases, the UCS of soils with low plasticity increases.
This may indicate the suitability of cement for deep mixing im-
provement of soils with low plasticity. The strength enhancement
on addition of GGBS and PFA might be due to calcium ion ex-
change and pozzolanic reaction in PFA (Ailin Nur et al. 2011).
The strength increase may have also been due to gradual forma-
tion of cementitious compounds between PFA and GGBS and the
presence of calcium hydroxide in soil (Yadu and Tripathi 2013).
The combination of cement/PFA/GGBS and cement/PFA with a
reduced amount of cement resulted in higher UCS compared to
the natural soil. This might be due to the higher cementing power
of GGBS compared to that of PFA. MacPhee et al. (1998) found
that the hydraulic reactions of GGBS have a “pore-blocking” ef-
fect. This may have also resulted in the observed greater ultimate
TABLE 2 Summary of chemical compositions of the different binders.
Binder
Oxides (%)
SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O hP2O5 SO3 LOI
Cement 19.63 0.26 4.71 3.25 0.09 1.17 64.09 0.27 0.73 0.20 2.94 3.22
PFA 52.15 0.87 19.61 7.10 0.07 2.00 4.40 1.06 1.93 0.45 0.54 9.48
GGBS 33.28 0.57 13.12 0.32 0.316 7.74 37.16 0.33 0.474 0.009 2.21 4.42
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FIG. 2
UCS of cement-, cement/PFA-, and
cement/PFA/GGBS deep mixing–
improved soils at 56 days.
FIG. 1
UCS of cement-, cement/PFA-, and cement/
PFA/GGBS deep mixing–improved soils at
(a) 7-day, (b) 14-day, and (c) 28-day curing
periods.
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UCS. Sridevi and Sreerama (2014) have stated that soil-GGBS
mixtures could be used in highway embankments. This implies
that deep mixing soil-PFA/GGBS mixtures with a reduced
amount of cement can provide fill materials of comparable
strength to most over-consolidated soils based on the results ob-
tained from this study. According to Ashish et al. (2014), increase
in percentage of GGBS can lead to considerable increase in
strength and thus reduction in pavement thickness during im-
provement of subgrade materials. The increase in strength over
time may also be due to the possibility of suction development in
pore fluid because of partial saturation of the improved samples
after curing (Hemant and Mahendra 2015), but in this study,
samples were soaked for about 90 minutes before testing, reduc-
ing the effect of suction development. Hence, it is believed that the
increase in strength over time is due to pozzolanic reaction of
byproducts used, and the longer age is expected to increase
further.
Regression Model Development
Tables 3 and 4 show model summaries of the analysis output of
three multiple regression analyses conducted based on experi-
mental results of UCS of the improved soils. The tables also show
the model’s explanations of variabilities of the response data
around the mean. Three different regression models have been
developed for prediction of UCS of cement-, cement/PFA-,
and cement/PFA/GGBS-improved soils with initial UCS less than
25 kPa, as shown in Eqs 2–4.
Putting X1 = Bc = Binder content (%) and X2 = Ct =
Curing time (days) and substituting the numerical coefficients
and constants from Table 4, the mathematical models could then
be expressed to follow the general form of a multiple regression
model. Eqs 2–4, show the proposed regression models for pre-
diction of UCS for the following deep mixing improved soil
systems:
• Soil-Cement:
UCS = −25.25þ 25.37BC þ 10.49Ct ½Adjusted R2 = 0.922 (2)
• Soil-Cement/PFA:
UCS = −59.24þ 20.7BC þ 9.42Ct ½Adjusted R2 = 0.92 (3)
• Soil-Cement/PFA/GGBS:
UCS = −52.02þ 22.21BC þ 9.69Ct ½Adjusted R2 = 0.929 (4)
In order to test the significance of the null hypothesis of the
F-test in ANOVA for multiple regression analysis, the P-values
(representation of the significance of the null hypothesis) were
compared to some alpha level (0.05) (Rawlings et al. 1998).
The results showed P-values less than 0.05 as shown in Table 1
and, therefore, very strong evidence to reject the null hypothesis
and accept the developed models. Also, the null hypothesis for T-
statistics assumes zero coefficients for a given independent var-
iable. From Table 1, the P-values of the two independent variables
were found less than 0.05, which also shows strong evidence to
reject this hypothesis. Table 2 shows that the model coefficients
are significantly different from zero, which is very strong evidence
to accept that the developed model, as shown in Eqs 2–4, has
explanatory power. The coefficients of multiple determination
values of 0.922, 0.920, and 0.929 show that the above models ex-
plain 92.2 %, 92.0 %, and 92.9 % of the variability of the response
data around the mean for cement-, cement/PFA-, and cement/
PFA/GGBS-improved soils. In other words, the adjusted R2 values
represent the percentages of the total variability in the UCS that is
explained by binder contents (%) and curing time (days). This
implies that the developed models could be reliably used in pre-
dicting UCS of deep mixing–improved soils with initial strengths
less than 25 kPa at a water to binder ratio equal to one. The pre-
dicted models have been used to develop a graphical model that
could be employed in estimating appropriate binder contents for
any known value of UCS between 100 kPa to 2,600 kPa, as shown
in Fig. 3.
The comparison between experimental and predicted results
using Eqs 2–4, as shown in Fig. 4a–4c, shows reasonable agree-
ment between experimental and predicted results based on R2
values.
The agreement between experimental and predicted values
shows that any prediction made using the proposed






R2 Adjusted R2βo β1 β2
Cement −25.27 25.37 10.49 0.924 0.922
Cement/PFA −59.24 20.7 9.42 0.922 0.92
Cement/PFA/GGBS −52.02 22.21 9.69 0.964 0.929






(<0.05)Constant Binder Content Time
1. Cement −1.229 17.88 23.04 499.98 0.000
P-value 0.223 0.000 0.000
2. Cement/PFA −3.268 16.55 23.454 482.78 0.000
P-value 0.002 0.000 0.000
3. Cement/PFA/GGBS −2.901 17.95 24.411 538.77 0.000
P-value 0.005 0.000 0.000
ABBEY ET AL. ON UNCONFINED COMPRESSIVE STRENGTH OF IMPROVED SOILS
mathematical and graphical models could provide a satisfac-
tory estimate of UCS (kPa) and binder contents (%), respec-
tively. In order to justify this and strongly rely on any
prediction made using these models, a validation test was
conducted.
Validation of regression models
The proposed regression models were validated by preparing twelve
different mixes, comprising of cement, cement/PFA, and cement/
PFA/GGBS. The samples were prepared using 6 %, 8 %, 12 %,
and 16 % binder/byproduct percentages. The cement-, cement/
FIG. 3
Graphical model for prediction of UCS of cement-,
cement/PFA-, and cement/PFA/GGBS deep mixing–
improved soils.
FIG. 4
Comparing experimental and predicted
values of UCS of (a) cement-, (b) cement/
PFA-, and (c) cement/PFA/GGBS deep
mixing–improved soils.
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PFA-, and cement/PFA/GGBS-improved materials followed the
same mix procedure as stated earlier, except that, in this case, differ-
ent percentages of binders (6 %, 8 %, 12 %, and 16 %) were used for
the purpose of validation. The improved samples were cured under
the same curing condition for 7 days and subjected to UCS test
under the same test condition. The UCS test results were then com-
pared with predicted results as shown in Fig. 5a–5c.
The graphs of experimental UCS against predicted UCS have
been plotted as a way of validating the desired regressionmodels and
ascertaining their usability in prediction of UCS in design and con-
struction industries. The validation test results show good agreement
with predicted values with spreads of 6 %, 8.2 %, and 9.9 % due to
material variabilities within the system of improved material. This
implies that the proposed regression model for soil-cement can pre-
dict the results within ±6 %, whereas the cement/PFA and cement/
PFA/GGBS can predict the results within ±8.2 % and ±9.9 %,
respectively.
Conclusion
Based on the analysis and results of this study, it can be concluded
that weak soils of varying plasticity and initial UCS less than
25 kPa can effectively be improved with the addition of cement
and cement/PFA/GGBS and are suitable for use as subgrade ma-
terials. Soils with lower plasticity show higher strength develop-
ment upon addition of cement than soils with higher plasticity.
Deep soil mixing with cement/PFA/GGBS mixtures might be
suitable for use in highway embankments with the potential of
providing fill materials of comparable strength to most over-
consolidated soils. The results of this study have also revealed that
PFA and GGBS could be used in deep soil mixing with a reduced
amount of cement and thus reduce cost, CO2 emission, and envi-
ronmental impact of cement deep soil mixing. The developed
mathematical and graphical models could reliably predict UCS
for soils with initial UCS less than or equal to 25 kPa and for
a water to binder ratio of unity.
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